In this paper we take China's one child policy as an example and investigate its environmental impact. We develop a model for an economy using a standard overlapping generation model extended with human capital, endogenous fertility, and changing life expectancy. To model the environmental impact of economic activities, we use a modified IPAT model. We show that China's one child has a very strong positive impact on the environment, particularly if we consider the whole human legacy.
Introduction
In the light of the fact that 197 nations have agreed on the October 5 th , 2016 in Paris 1 to take measures to keep the average world temperature increase to at most 2 degree Celsius by 2050, enormous efforts have to be taken to lower the average level of CO2 emissions per capita from 4.97 metric tons 2 in 2014 to the required level of around 1.5-1.8 tons per capita [1] given the current world population. Additionally, according to United Nations Environmental Program (UNEP 2016) the current agreed national policy goals regarding greenhouse gas (GHG) emissions are not sufficient to keep the average world temperature increase below the targeted 1.5-2 degree Celsius. If the policy goals remain unchanged, the temperature is expected to rise from 2.9 to 3.4 degree Celsius, or in terms of emissions, the worldwide yearly GHG emissions will be between 57.9 and 63.1 giga tons (Gt) per year in 2030. While a desirable a policy goal is to have emissions less than 43.5 Gt per year, 3 we note that the total GHG emissions are still increasing ( Figure 1 ).
Figure 1
In our view the main obstacle is that it is politically very difficult to change the consumption pattern of all members of society without being confronted with a strong political opposition. Also, in the long run, it is probably much easier to apply a restrictive population policy to lower the total level of emissions. Another reason for our study is based on the fact that the United Nations estimates that the world population will increase from currently 7.6 billion people to 11.2 billion people in 2100. It is hardly possible to imagine how the agreed sustainability goals can be reached given that the world population will increase by 47% in the next 80 years. Moreover, the resulting additional demands for agricultural land and water resources to produce a sufficient amount of food are inevitable. According to the FAO [2] , the world food production will need to be increased by 70% in 2050. Despite the assumption that only 20% of the additional food demand should be satisfied by extending agricultural land, the environmental consequences of such a land use change in terms of biodiversity and climate change are enormous. 4 Therefore, population growth is a crucial factor influencing food security, climate change and overall sustainability path.
Thus, the aim of this study is to illustrate the relationship between the population policy, economic growth and environment. The impact of population growth on the economy and environment has been at the center of economic discussion for some time. Dietz and Rosa [4] note that the recognition of negative impact of population growth on economic wellbeing goes back to Heroditus (484-425 BC) and the negative impact of population growth on the environment to Seneca, the younger (4 BC-AD 65). In modern times, Malthus [5] was the first to analyze the relationship between population, economic wellbeing and the natural environment. Malthus predicted that continued population growth in a world with limited resources would lend itself to poverty and famine. Malthus' general considerations regained popularity through Ehrlich's [6] publication on "Population bomb". He emphasized that overpopulation will lead to unavoidable catastrophic famines. Although his predictions failed to become true as fast as he has forecasted, they will probably become true if humankind fails to manage the climate change problem.
In a recent study, Wynes and Nicholas [7] investigate the most effective individual actions to reduce the human impact on the global warming. Additionally, they examine the extent to which the relatively effective measures and actions are recommended and promoted by the governments of Australia, USA, 4 It should be noted that 30% of the GHG emissions can be traced back to food production [3] . 
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Canada and the European Union, who are responsible for about 26% of all CO2 (2014) and 24% of all greenhouse gas emissions (2012). The outcome of Wynes and Nicholas [7] is that, one child less has the strongest impact among other human actions, on reducing GHG emissions per year (between 23.7 and 117.7 tons). Other actions identified in the study were: forgoing car use, sacrificing airplane flights, and purchase of green energy which reduces GHG emissions in the order of 1.0 to 5.3 tons per annum, 0.7 to 2.8 tons per flight, and 0.1 to 2.5 tons per year, respectively. Although, the reduction of the number of children is the most effective measure, this action is neither recommended nor proposed by the governments of Canada, USA, Australia or the European Union, due to political and/or religious reasons, and the fact that environmental effects caused by the number of children are largely underestimated.
Several studies [4, [8] [9] [10] [11] [12] [13] [14] [15] take only the environmental related actions of humans into consideration, which are directly related to them, and not the environmental damages caused by their descendants. For the short-run, such environmental impact analysis is adequate. In contrast, Murtaugh and Schlax [16] and later Wynes and Nicholas [7] propose to take the full carbon legacy of humans into account. Their argument is that a human does not only pollute directly but indirectly via reproduction, because the children can only negatively influence the environment if they are born. Further, the grandchildren will also contribute to emissions, and they only can do so, if they and their parents were born. Consequently, Murtaugh and Schlax [16] argue that parents are responsible for their emission-generating actions and for a part of the emissions caused by all dynastic successors. As such, the weighting of emissions is related to the fractional genetic units. Thus, 50% of the emissions of children are related to the mother, an additional 25% of the emissions of the grandchildren are related to the same mother, and so on. In other words, the fraction of genetic units or the weight of a member of the n-th succeeding generation is .
According to the calculation method of Murtaugh and Schax [16] , taking the United Nations medium variant of population projection as given and assuming three scenarios -optimistic, constant and pessimistic 5 -the GHG emission reduction per unborn child for China (2005) was 228 tons, 1,384 tons and 2,023 tons, respectively. Unfortunately, the per capita GHG emissions in China has reached recently 9.2 tons per year, thus the actual reduction effect would be much higher. The only country which applied legal measures to control population growth was China with its one child policy, which dates implicitly back to the early 1970s [17] . The considerations above indicate that the one-child policy has a negative (reducing) effect on GHG emissions and environmental degradation. Beside the environmental effects caused by the one-child policy, the economic impact is equally impressive, especially when we consider the economic development of China's economy since 1980. However, this does not mean that the one child policy was the only important policy measure which made the China's growth possible, but it has played a significant role. The reasoning for this is provided by the argument of Becker's quality-quantity trade-off [18] [19] which proposes that the quantity of children is to be substituted by the quality of children, the latter generally referring to proper child development to improve human capital. 6 Hence, the result is an increased investment in education and hence human capital accumulation, which is one of the most important drivers of economic growth [26] .
To model the one-child policy, we introduce a child tax system, in which the there is no tax imposed for the first child but for all others, that is second child and onwards, taxes are imposed. This seems to be an appropriate approach to model the one child policy, because the taxes act as fines for violating the 5 The optimistic scenario assumes that the emissions decrease linearly from 2005 to 2100 to a value of 0.5 tons GHG emission per capita and year. The constant scenario requires that the GHG emissions remain constant at the level of 2005, which was 3.62 tons of GHG emissions per capita and year in China. The pessimistic scenario assumes a linear increase from 3.62 tons in 2005 to a value of 5.43 tons per capita and year in 2100. 6 Becker's theory is confirmed empirically among others by [20] [21] [22] [23] [24] [25] .
policy. According to Tietenberg and Lewis [27] , the economic incentive scheme of China's one child policy consisted of priority in education and housing, subsidized health care, and additional subsidized food for parents with one child. For parents with two or more children received a reduction of 5 percent in the total income for the third child and 6 percent for the fourth child, and so on. Additionally, families were denied access to further subsidized grain beyond that which they would already receive for their first two children. 7 The outcome was a dramatic fall in the total fertility rate from 5.7 in 1970 to 1.5 by 2015.
The aim of this study is to analyze the impact of a child-tax on economic growth environmental degradation. First, we develop a theoretical model of an economy, so that we can derive the economic and environmental effects of one child policy. Second, we show that the one child policy is generally a measure to accelerate economic growth without interfering the global climate objectives and that this policy is useful for countries which exhibit a high fertility rate.
We apply an extended Diamond [28] OLG model similar to Stauvermann and Kumar [29] [30] [31] . The underlying idea goes back to de la Croix and Doepke [33, 34] . The advantage of this approach is that it functionalizes the idea of Becker's [18] quality-quantity tradeoff. Further, we extend the model by considering aging as proposed by Cipriani [35] and Stauvermann and Kumar [29] for a small open economy.
The rest of the paper is organized as follows. In Section 2, we introduce the model and derive the respective equilibrium. In Section 3, we apply the equilibrium outcomes to the IPAT model [4, 12, [36] [37] [38] to derive the environmental or emission equilibrium. 8 In Section 4, we calibrate the model to generate the outcomes for the transition path; and in Section 5, conclusion follows.
The model
We use a three generations OLG model of Diamond [28] , where we make the simplifying assumption that an individual has a neutral gender and can give birth to children. With this assumption we avoid the problems of matching. Further, the parent takes all decisions for her children in their first period of life. In the second period of life, the children are adults, who supply labor inelastically, give birth to a number of children , pay for their education ℎ , consume units and save a part of their income . The expression of the educational expenditures ℎ is a product of the wage income fraction spent for the education, the human capital stock of the parent ℎ and the wage rate per human capital unit .
In line with Cipriani [35] and Ehrlich and Lui [39] , we assume that the children will be alive in the third period of life with probability . Assuming a perfectly competitive financial market, the risk-free return on savings is given by . The representative agent derives his/her utility from the consumption in the second and third period , the number of children (their quantity) , and the level of the children's human capital stock (their quality) ℎ . The utility function follows from de la Croix and Doepke [25, 26, 40] and Stauvermann and Kumar [29] [30] [31] .
where , , (0,1). The variable is the subjective discount factor, represents the preference for the quantity of children and represents the preference for the quality or education of children. The variable is a function representing the probability to be alive in the third period of life. We allow for aging of the society as proposed by Ehrlich and Lui [39] , where individuals enjoy the third period of life with probability . Considering the results of Cutler et al [41] , we assume that this survival probability depends positively on the existing average human capital per capita ℎ which is taken as given by the individuals. Similar to Blackburn and Cipriani [42] , Cipriani and Makris [43] and Cipriani [35] we assume that a maximum length of life. Hence,
where we assume the following properties:
The human capital production function is, without loss of generality, a special case used by de la
Croix and Doepke [33, 34] 
where Ω > 0 and ∈ 0,1 . The variable ≥ 0 represents parent's investments in the education per child. It should be noted that we discard the possibility of no investment in education because we want to concentrate on the effects of human capital. Human capital serves two purposes in our study. First, human capital is the driver of growth [44] [45] [46] , and second, human capital is considered synonymous to the quality of a child [18, 19] .
To model the one-child policy, we consider in our model a half-child policy. That is, a half-child is tax free and all other children are taxed with the wage rate tax of 0,1 . To balance the government budget, we assume the tax revenue is redistributed as a lump-sum transfer . Then the child tax schedule can be written as:
Assuming that all individuals are identical, a balanced government budget requires in per capita terms that the tax revenue equals lump-sum transfer: = Τ .
Thus, we consider the case where the number of children exceeds the threshold value. 10 Therefore, the budget constraint in the second period of life is given by:
where the variable e represents the fraction of the wage income which has to be spent to raise a child. In other words, the expenditures ℎ represent the pure child-rearing costs. The budget constraint of an individual in the third period of life is:
Then the individual utility maximization problem becomes:
Because of the fact that all individuals are identical, we set ℎ equal to ℎ . From the maximization problem (7), three optimality conditions are obtained:
Using the balanced government budget, the system of three equations is solved for the three choice variables. First, the optimal investments in education are: * = ( ) .
( 1 1 ) Then, inserting (11) into the human capital production function (3) delivers:
And the growth factor of human capital is:
( 1 3 ) To avoid pathological cases, we assume > 1 ( ) is fulfilled. From (11) and (13), the following proposition is derived:
The introduction or increase of a child tax will increase the investments in education and increase of the human capital growth factor. Proof: * = > 0. 
> 0.
The intuition behind the two propositions is as follows: an increase of the child tax raises the childrearing costs, which means that the costs of education becomes relatively less expensive and both effects lead to a decline of the number of children and an increase of the investments in education. The latter effect will result in an increase of the growth rate of human capital. Additionally, the savings will increase because a shift of current consumption into the future will take place.
It is noted that the optimal values of the savings and number of children depend on the life expectancy (ℎ ), which strives to a value of one in the long run.
On the supply side of the economy, we use a standard neoclassical production function:
where represents the aggregate production, the aggregate physical capital stock, and = ℎ the aggregate stock of human capital. The production function exhibits the usual diminishing marginal productivities in each input factor, fulfills the Inada conditions and is linear homogenous. Hence, we can rewrite (16) in terms of the production per human capital unit: 11
( 1 7 ) where = and = .
Without loss of generality, we assume a depreciation rate of physical capital of 100 percent per period. Assuming perfectly competitive good and factor markets, the wage rate per human capital unit and the interest factor are:
= ′( ).
( 1 9 ) The capital market clearing condition in per capita terms which results from the optimal savings (14) and optimal number of children (15) Reformulating (20), we get the capital market clearing condition in per human capital terms as:
The capital market clearing condition depends on the development of the human capital per capita ℎ . The higher the life expectancy, the higher is the capital intensity in the following period. This is caused by the fact that the need to save increases with an increasing life expectancy to realize a decent life style in the last period of life. Consequently, a steady-state equilibrium can only be reached if the life expectancy is constant. According to our assumptions this is the case when (ℎ ) =1. Assuming that this condition is fulfilled, then (20) becomes:
The model fulfills the conditions of Galor and Ryder [47] for a unique and stable equilibrium. Defining * as the equilibrium capital intensity, we calculate the derivative and get the stability condition as:
The long-run equilibrium savings and fertility rate is given by:
Now we can determine the long-run effects of the one-child policy on the fertility rate and the savings by differentiating (25) and (24), respectively:
< 0. 
Proposition 3: The introduction or increase of a child tax leads in the long run to a decrease of the fertility rate, and increase of the per capita savings and capital intensity.
And from proposition 3 and proposition 1, we conclude the following proposition.
Proposition 4: The introduction of a child tax increases the per capita income, the wage income and the interest income of all generations born in the introductory period and thereafter.
From proposition 1, it is noted that the growth rate of human capital increases; and from proposition 3, it is known that the capital intensity increases. Thus, both results taken together lead to the conclusion that the per capita output and the respective factor incomes also increase.
Environmental Impacts: Comparative Statics
For the environmental impacts caused by the economy, we refer to a modified IPAT model, originally introduced by Ehrlich and Holden [36] , where I represents the environmental impact, P the population, A per capita activity and T the technology, which can be interpreted as impact per unit of activity. According to Dietz and Rosa [4] , the per capita production can be interpreted as the affluence or activity per capita but the definition of technology is somewhat difficult. In our model, technology is implicitly embodied in human capital. Thus on the one hand, human capital is responsible for developing new production technologies, which increase the labor productivity and hence production, and on the other hand, human capital is also responsible for an improving awareness of environmental issues and developing environmentally friendly technologies, where the latter increases the environmental efficiency of production.
Let us therefore assume that represents the GHG emissions in period t, which will be generated by the following function:
where Ψ, , > 0, > −1 and is the total population alive in period t:
The assumption that can take a negative value means that we do not know which of the two contradicting effects caused by human capital on emissions prevail. If has a negative sign, the effect of improving environmental efficiency outweighs the negative effect of increasing the production. For example, a new central processing unit (CPU) requires less energy but works faster than older CPUs. In the long-run steady-state equilibrium, the population in every period is given by the formula:
. (30) The impact of the child tax is analyzed by differentiating the population with respect to , where we assume that the child tax is introduced in t=1 and remains unchanged.
where
< 0 and for ∀ > 2. The latter condition ensures that in the period of introduction of the child tax, only the number of children can be affected; and in the second period, the number of the old individuals is not affected. From period three on, all vintages will be affected by the tax. This implies the full effect of a child tax will be realized after 2 periods/generations. The number of individuals that will not be born depends on the value of * . If the fertility rate exceeds at least one, the number of individuals born becomes infinite. If the fertility rate is less than one, the value is finite. The sum of changes in population ∆ up to infinity becomes:
This means the impact of a child tax or the one child policy on the aggregate population of all periods is probably much bigger than the population of the introductory period of the child tax. The reason is that the value of the term in the brackets of the latter equation ranges between 3 and infinity. For example, if the fertility rate is 0.9, the value of the term in the brackets becomes 299.
The human capital in period t can be rewritten as:
Differentiating the human capital with respect to the child tax, we get:
It becomes clear that the human capital will be increased in all periods, with an increasing factor ( − 1). For example, the change of human capital in period 10 is ( ) times of the human capital in period 1. Now, we derive the effect of the child tax on the environmental impact by differentiating (28) and using the results (27) , (31) and (34) is the production elasticity. 
.
Proposition 5: The introduction of a child tax will lead to a decrease of the environmental impact of an economy, at least after a few generations.
Proposition 5 has the following interpretation. It means that it is possible, that it takes a few periods until the emissions will decrease. Important is that the effect on the environmental efficiency of production is sufficiently strong (a relatively small Χ). However, from this comparative static analysis, it is observed that the effect of the one child policy is probably strongly underestimated because the positive environmental impacts are still increasing. Because up to this point, we only have compared steady states, it is not clear what happens on the transition path to the equilibrium. In the next section, we calibrate the model to analyze the transition path to equilibrium.
Calibration of the model
For the purpose of calibration, we specify a Cobb-Douglas function, written in per human capita form as: 12
where > 0 and 0 < < 1. Regarding the life expectancy, we apply the following function:
with > 0. Because of the fact that the human capital develops according to
the life expectancy becomes to:
The respective fertility rate becomes to:
Using these two functions, we derive the difference equation for the evolution of the capital stock per human capital unit as:
The population size is given by:
With equations (38)- (42), we assume that = 1, ℎ = 1, b=0.00025, adults in period are 0.5, A=200, = 0.48, = 0.7, = 0.15, = 0.5, m=0.41, e=0.04, and a period consist of 25 years. The parameter values are reasonable because they fit relatively well to the stylized facts of China and thus the numbers lead to a plausible range of yearly per capita growth rates between 5 and 8 percent. The respective real rates of return are in the range of 8 and 12 percent. Figure 2 illustrates the evolution of the fertility rate. To examine the impact of the government's child-tax rate on the fertility rate, we define the following periods. Period 1 is from 0 to 33, Period 2 is from 34 to 66, Period 3 is from 67 to 96, Period 4 is from 97 to 139, and Period 5 is 140 and onwards. The tax rate is zero in Period 1. In Period 2, 7% child-tax rate is introduced. In Period 3 and 4, the tax rate is lowered to 6% and 5%, respectively. In the last period, Period 5, the tax rate is reduced to zero. Figure 2 As noted, the number of children is 2.7 in Period 1, without any child-tax, and decreases smoothly with an increasing life expectancy. The introduction of the tax rate of 7% leads to decline of the fertility Number of children time Fertility rate depending on tax rate from around 1.6 children to 0.5 children (Period 2); and lowering the tax rate in Period 3 onwards increases the number of children. Assuming that one period consists of 25-30 years, a tax rate of one percent can be translated into salaries of 3-4 months. And this tax rate coincides roughly with what Chinese citizens had to expect as fine for violating the one child legislation. Figure 3 shows the evolution of population size (dashed line) and number of adults or workers (solid line). Without a child tax, the population and number of adults would grow indefinitely. The introduction of a child tax therefore results in the decline of both. Because the fertility rate in our calibration is less than one, the population strives to zero in the very long run. Figure 3 Although Figures 2 and 3 illustrate the transition from a state without tax to a state with tax, the comparative effects caused by the child tax remain ambiguous. To overcome this, we also calibrated the development of three identical economies with three different values of tax rates: 0%, 5% and 7%, respectively and the tax is introduced in period zero. In Figure 4 we present the logarithmic values of the population size with the three tax rates. The graph with the solid line results in the business as usual case without child tax (tax rate is zero). The dotted line represents the case with a child tax of 5 % and the dashed line the case with 7%. Important is to note that the vertical distance between the graphs are increasing, because the distance indicates the difference in the population size under the different tax regimes. The graphs generated with a 5% and 7% reach negative values which indicate that the population size strives to zero in the very long run. In Figure 5 , we consider the wage income as an indicator for the economic well-being. The upper graph (dashed line) illustrates the case of a 7% tax rate. The dotted line is based on the tax rate of 5%, and the solid line shows the trend with a zero tax rate. It becomes obvious that the wage incomes of the three tax regimes diverge. Obviously, the wage rates diverge in time, indicating that the wage income corresponding to 7% tax rate grows faster than the wage income corresponding to the 5% tax rate and the wage income in the business as usual case. To examine the environmental impact of the one child policy, the value of which is the elasticity of environmental impact with respect to population size, is reviewed. In terms of the elasticity, we note that the empirical literature delivers different values. For instances, Dietz and Rosa [37] and York et al [12] estimate a value close to one, Shi [11] estimates for China, a value between 1.41 and 1.65, Lin [49] In any case, we note that the stronger the impact of population size is on the environment, the more effective will be the child tax or one-child policy in environmental policy. To support this argument, we consider three cases. Figure 6a illustrates the environmental impact of the child-tax, where we present the logarithms of the environmental impact, and assume the following parameter values: Ψ = 0.001, = 0.4, = 0.4 and = 0.3. Under these circumstances the influence of population is relatively small and it can be observed that the graphs of the impact under different tax regimes diverge, which means that the reduction of the aggregated emissions over time strives to infinity. However, this means also that a child tax leads to lower levels of emissions, but it does not necessarily reduce emissions to their sustainable levels.
Figure 6a
In Figure 6b , we assume the following parameter values: Ψ = 0.001, = 0.4, = 0.4 and = 1. The figure shows that as the environmental impact of population becomes stronger, the effectiveness of the child tax increases because the graphs of the environmental impact diverge more than with a lesser impact of population. In the business as usual scenario the environmental impact strives to infinity. With a 5% tax rate the environmental impact increases in time but at much slower speed, and with a 7% tax rate, the environmental impact decreases after some periods.
In any case, all three scenarios show that the environmental impact is reduced by the introduction of a child tax. Notably, if the impact of the number of individuals is relatively stronger than that of human capital, the total impact of the economy on the environment will strive to zero (Figure 5c ) if the tax rate is sufficiently high. Similarly, if the impact of individuals is relatively weaker than that of human capital, the aggregate reduction of emissions caused by a child tax compared to the business as usual case (zerotax rate) will be indefinitely huge.
Conclusions
We analyzed a population policy similar to the one implemented in China between 1970 and 2015 using an OLG model with endogenous fertility and growth caused by human capital accumulation. To operationalize the one-child policy, we have introduced a child tax, which has the same effect as a monetary fine. We have shown that the economic and environmental impacts of this policy are enormous, because of the long-lasting effects of this policy. The ongoing effects are a consequence of the fact that an unborn person cannot give birth to children and secondly, the additional acquired knowledge through human capital accumulation can be used by future generations without incurring costs. This means, even if the one child policy is applied only on one generation, the effects are relatively strong because the last until infinity. A lesson we can draw from this policy measure is that environmental and development problems can be tackled simultaneously. In general, it can be argued that the higher the current fertility rate, the stronger will be the positive effect caused by a child tax. Thus, the one-child policy or its variant should be considered as one of the preferred development policy in low-income countries. Also, this does not exclude the Western countries from considering the policy for long-term growth and development. Also, it may be politically much easier to implement a child tax than to convince citizens to change their consumption patterns and life styles dramatically in efforts to manage the pressing environmental challenges. Additionally, we have ignored the negative economic effects in our analysis, which are usually associated with environmental degradation [51] . However, the existence of the negative economic feedback mechanisms will give additional support to our proposal.
On the other hand, it cannot be denied that in the period of transition, the problem of aging population will occur once the demographic dividend benefits the respective economies. Thus, by shifting the benefits into the future with decent policy measures, the negative economic impacts of an aging society can be reduced. The results of our study are in line with Peters [52] who derived in a more general model where, in the presence of a pay-as-you-go pension system, a child tax may be a necessary policy instrument to reach a societal intertemporal welfare optimum. 13 
